Objective: Femorodistal autologous vein bypass proves to be the preferred surgical therapy for long arterial occlusions and provides excellent early and long-term results in critical lower limb ischemia. Whenever vein length was insufficient and two distal outflow arteries were present, a sequential composite bypass configuration was chosen with human umbilical vein (HUV) or ovine collagen prosthesis (Omniflow II; Bio Nova International Pty Ltd, North Melbourne, Australia) as the proximal prosthetic part of the bypass. Single-center experience with this technique regarding limb salvage, graft function, secondary reinterventions, and biodegeneration is presented. , 122 consecutive sequential composite bypass operations were performed on 116 patients for short-distance claudication (2), chronic critical ischemia (117), or acute ischemia (3) in the absence of sufficient autologous vein length. HUV was used in 90 cases and Omniflow II in 32 cases. Grafts were followed by duplex scan supplemented by angiography in case of recurrent ischemia with prospective documentation of follow-up data in a computerized vascular database. Retrospective analysis of graft patency, limb salvage, and aneurysmal degeneration of the biologic prosthesis was performed. Results: Mean follow-up was 59 6 45.5 months (range, 1-161 months). The 30-day mortality was 4.1%. Early postoperative complete or partial bypass thrombosis developed in 16% (20 cases) and required successful revision in 16 cases. During follow-up, 30 complete and 12 partial bypass occlusions occurred, necessitating selective surgical or interventional revision. Primary, primary assisted, and secondary patency rates and the limb salvage rate were 48%, 62%, 71%, and 87%, respectively, after 5 years and 26%, 46%, 54%, and 77%, respectively, after 10 years for all bypasses. Late biodegeneration of HUV prostheses was detected in four instances. Conclusions: Late graft patency and limb salvage were good. These factors, combined with a tolerable rate of late aneurysmal degeneration, justify the use of biologic vascular conduits and autologous vein for complex femorodistal reconstructions. (J Vasc Surg 2014;60:1543-53.) 
In critical chronic lower limb ischemia, crural or pedal bypass surgery with autologous vein provides excellent long-term graft patency and limb salvage. Synthetic or biologic vascular prostheses must be considered as graft material when autologous vein is limited. Prosthetic femorodistal bypass still provides unsatisfactory outcome in terms of patency and limb salvage, although vein patches or cuffs for specific anastomotic configurations yield improved results. [1] [2] [3] In historical series, some authors advocated the sequential anastomotic composite technique to improve graft outflow, combining goodquality vein segments with a synthetic prosthetic inflow graft. [4] [5] [6] [7] [8] [9] Recent studies with polytetrafluoroethylene (PTFE) prostheses showed promising results with respect to limb salvage and bypass patency even in reoperations. 10, 11 Promising early results with complex human umbilical vein (HUV)-vein sequential bypasses have already been reported by our group. 12 Because the manufacture of HUV was suspended in 2006, the only biologic vascular conduit currently commercially available is the modified glutaraldehyde denatured ovine collagen prosthesis (Omniflow II; Bio Nova International Pty Ltd, North Melbourne, Australia). The results of a single-center consecutive series of sequential composite bypass (SCB) combining autologous vein with HUV or the Omniflow II prosthesis are analyzed.
METHODS
From a total of 2569 infrainguinal bypass operations documented in a computerized vascular database, all SCBs performed between January 1998 and January 2009 were identified. A bypass was classified as SCB when its proximal prosthetic part consisted of a biologic conduit and its distal part of autologous vein anastomosed to two or more distal recipient arteries (n ¼ 118) or when, in a reoperation, a biologic conduit was anastomosed to a patent part of a failed previous sequential vein bypass with preservation of the original sequential outflow anastomoses (n ¼ 4). Patient characteristics and perioperative and follow-up data were evaluated in a retrospective analysis.
Operative technique and graft configuration. Ipsilateral or contralateral great saphenous vein was considered the graft of first choice. Veins were assessed with preoperative vein mapping if needed. A vein diameter of 3 to 3.5 mm after vein distention was accepted. For as much suitable vein material as possible to be used, good-quality vein segments were spliced together if necessary. The composite configuration was chosen if the length of the harvested suitable vein was insufficient to reach the best outflow vessel. Patent popliteal or crural artery segments were integrated in the form of sequential anastomoses. The configuration of the SCB was chosen according to the length and configuration of the harvested vein and the site of the recipient vessels (Fig 1) . When the bridge technique proposed by Deutsch was employed, the two distal recipient arteries were connected with the vein segment in an end-to-side technique and the prosthesis to the proximal part of this bridge in an end-to-side configuration 10 (Fig 1, b) . In the case of reoperation for a failing previous sequential vein graft, the prosthesis was anastomosed to the intact distal interarterial part of the vein graft in the form of a "secondary bridge" (Fig 1, e) . Vein valves were routinely destroyed with a modified Leather retrograde valvulotome (V. Mueller Care Fusion, San Diego, Calif).
Prostheses were rinsed, followed by instillation of undiluted heparin solution (25,000 IU or 50,000 IU) for 15 minutes. Distal anastomoses were constructed with polypropylene suture (7-0) after routine intravenous administration of 5000 IU heparin. The common femoral artery was preferred for the proximal anastomosis. The bioprosthesis was placed as gently as possible in a subfascial layer. A subcutaneous position was chosen only in the case of heavy scarification after previous bypass operations. Protamine was not used routinely.
Graft patency was confirmed intraoperatively with transit time flow measurement (CardioMed Medi-Stim, Oslo, Norway; Transonic Systems, Ithaca, NY). Postoperative duplex scan and angiography (magnetic resonance angiography, digital subtraction angiography, or computed tomography angiography) before discharge were employed to document patency and graft configuration. Intravenous administration of heparin was started postoperatively in combination with additional temporary dual antiplatelet medication (aspirin plus ticlopidine or aspirin plus clopidogrel). Oral anticoagulation with phenprocoumon (Marcumar) was the preferred long-term antithrombotic therapy and was started within a few days postoperatively and continued indefinitely at an international normalized Patients were enrolled into an indefinite follow-up scheme with angiologic visits after 3, 6, 12, 18, and 24 months with annual repetitions thereafter. The complete graft length was scanned with duplex ultrasound at each visit with a linear probe by use of a corrected Doppler angle for stenoses or dilation. Significant highgrade stenosis was defined as a maximum peak systolic velocity of >3 m/s. Recommended standards for reports dealing with lower extremity ischemia were applied. 13 A bypass was regarded as failed in the case of complete occlusion of both the prosthetic and venous parts; in the case of complete occlusion of the prosthetic part despite preserved patency of the distal venous part with a patent interarterial connection; and with complete graft replacement or major amputation despite a patent prosthesis. A bypass was regarded as patent in the case of patency of the prosthetic part and unimpaired inflow into one of the two distal anastomoses with occlusion of one distal anastomosis. Follow-up data were prospectively entered into a computerized database (ACCESS 2000 for Windows) and retrospectively analyzed (SPSS 21.0 for Windows) with Kaplan-Meier survival test and log-rank test. The protocol and the informed consent were approved by the Institutional Review Board according to the regulations for clinical studies of the ethics committee of the state of Rhineland-Palatinate, Germany.
RESULTS

Patients, risk factors, and indication for operation.
During an 11-year period, 122 femorodistal SCBs were constructed in 116 patients in 120 lower limbs (four patients with bilateral operation and two repeated procedures with the same technique). Patient characteristics, risk factors, previous ipsilateral operations, interventions, and inflow procedures as well as indications for surgery are listed in Tables I and II. HUV was used until September 2006, when its commercial distribution was discontinued. As of October 2006, the Omniflow II prosthesis was implanted instead. The serial sequential technique and the bridge graft technique were the preferentially used configurations. In 65.6% of the cases, the most distal anastomosis was located at the level of the distal calf or foot. Mean operative time was 260 6 53 (range, 110-390) minutes. A subcutaneous position for the prosthesis was chosen in eight instances (6.5%). The major part of the vein was tunneled subcutaneously in 36 instances (30%). Graft material, bypass configurations, and locations of arterial and composite anastomoses are listed in Tables III and IV. Perioperative (30-day) outcomes. The 30-day mortality was 4.1% (five patients). Early postoperative partial or Anastomosis of the prosthesis to a pre-existing patent distal part of a failing or failed sequential bypass.
complete bypass thrombosis occurred in 20 bypasses (16.4%). Despite occlusion of the most distal anastomosis in one case, conservative treatment was chosen because of sufficient foot perfusion. Surgical revision was initiated in 17 cases and restored patency in all but one instance that necessitated early major amputation. Ten of the successfully revised reconstructions failed during follow-up after a median of 19.5 months. Early postoperative infection of the prosthesis occurred in two HUV grafts and one Omniflow II prosthesis. Two limbs underwent early major amputation without graft revision (Table V) . Late outcome. One patient was lost to follow-up and 48 patients (41%) could be followed up for more than 60 months. The 5-and 10-year survival was 45.1% and 16.6% for men and 51.0% and 33.3% for women, with a better survival for women (P ¼ .045) ( Fig 2) . During later follow-up, 13 patients were not able to attend further scheduled duplex surveillance because of deterioration of their general state of health. However, information about the status of the limb that was operated on was obtained from the attending general practitioner.
One additional bypass infection of an HUV was detected 3 months after surgery and treated by successful partial graft replacement.
Failure of the prosthetic part with preserved patency of both distal anastomoses was found in five cases. Late occlusion of one of the distal anastomoses with preserved patency of the biologic prosthesis was noted in 18 cases (15%), in three cases the first distal anastomosis and in 15 the most distal anastomosis. Subsequent complete bypass failure developed in 33% an average of 34 (3-84) months after detection of the partial anastomotic occlusion.
All in all, 35 bypasses (28.0%) failed. Asymptomatic occlusion without any further need for intervention or amputation was diagnosed at the time of routine duplex scan in eight grafts (6.5%). All other patients presented with recurrent ischemia. Fourteen grafts underwent single or multiple revisions to restore patency, but durable patency could be achieved only in five grafts. Seven patients underwent a repeated bypass operation.
Repetitive duplex imaging according to the protocol was available for 114 grafts (93%). It unmasked significant stenotic lesions in 21 (17.2%) patent grafts, in most instances at the anastomoses or in the venous part of the bypass after a mean of 45 months (3-158 months). These lesions required 28 additional interventions or operations to maintain graft patency, leading to durable bypass function in 19 cases even in very old grafts (Table VI and Fig 3) .
Duplex examinations detected aneurysmal dilation of the prosthetic bypass component in four HUV grafts (4.4%) after 114, 113, 101, and 95 months, respectively, in one case combined with a graft stenosis. After a limited follow-up, no aneurysmal changes have been detected in Omniflow II prostheses up to now.
During follow-up, another 14 major amputations (12 above knee) were necessary, in one instance despite graft patency (Table VI) .
Primary, primary assisted, and secondary patency rates and the limb salvage rate for HUV sequential bypasses were 49%, 66%, 74%, and 87%, respectively, after 5 years and 26%, 49%, 56%, and 77%, respectively, after 10 years. Primary, primary assisted, and secondary patency rates and the limb salvage rate for Omniflow II sequential bypasses were 45%, 50%, 62%, and 85% after 4 years (Figs 4 to 6 ). There was a trend suggesting a better secondary patency for the HUV grafts within the first 48 postoperative months (P ¼ .09). Bypass patency and limb salvage were not influenced by the location of either the composite anastomosis (thigh, proximal or distal calf) or the most distal bypass anastomosis (proximal and middle calf or distal calf and foot; P ¼ .46 and P ¼ .74). Limb salvage was not associated with the type of prosthesis used (P ¼ .56). No significant difference for secondary patency and limb salvage was found for serial sequential anastomoses or the bridge technique (P ¼ .22 and P ¼ .95). However, the bridge technique showed significantly better results for primary patency (P ¼ .03).
Anticoagulation. Long-term oral anticoagulation with phenprocoumon (Marcumar) was regarded as the optimal anticoagulation and initiated in 104 instances (85%). It was not started in 18 cases because of perioperative death (five), poor compliance and poor general status, end-stage renal insufficiency, compliance concerns with age older than 90 years, or early bypass occlusion with amputation. Four of the remaining 13 bypasses under early antiplatelet therapy failed, with the consequence of amputation. Bleeding complications after oral anticoagulation during follow-up were noted in 12%, predominantly minor bleedings or gastrointestinal bleeding, and led to a change in the medication to antiplatelets. Oral anticoagulation was subsequently discontinued in a further 16% of cases, generally because of poor compliance or new diagnosis of a malignant tumor. In three of these instances, the discontinuation of oral anticoagulation without sufficient alternative antithrombotic medication caused occlusion of the complete bypass and major amputation without evidence of previous bypass stenosis.
DISCUSSION
Autologous vein should be used for all infrainguinal bypass reconstructions whenever possible. 14, 15 However, there is a substantial need for small-diameter vascular prostheses in case of insufficient vein. One concept for improvement of long-term bypass graft patency is based on reduction of distal outflow resistance. The concept of sequential anastomoses was promoted 30 years ago. [4] [5] [6] It was based on Jarrett's experimental work, which showed a significant increase of the flow rate by integration of a second arterial outflow. 16 Preserved partial patency in case of later occlusion of the distal portion of the reconstruction was reported to possibly reduce the rate of severe recurrent ischemia. 7 The most frequently described sequential bypass technique is the jump graft technique with the prosthetic anastomosis at the popliteal artery and a distal extension with autologous vein originating from the synthetic graft. Promising early primary patency rates between 35% and 64% with a limb salvage rate of 64% to 84% were reported for this technique. 11, [17] [18] [19] [20] Oppat found a poor patency for PTFE jump grafts of only 20% after 5 years associated with a high amputation rate in case of graft failure. 19 This poor limb prognosis is confirmed by our results, which indicate a high risk of major amputation on failure of the complete bypass. One of the reasons for this high late failure rate might be explained by the fact that patency of the distal venous part in jump grafts is completely dependent on a patent prosthetic inflow. Therefore, Roddy suggested a patent artery distal to the prosthetic anastomosis as the origin for the venous bypass part to preserve the vein graft patency in case of a proximal prosthetic failure. 20 Bastounis reported favorable results with a 5-year patency of 59% and a limb salvage rate of 80% for the serial PTFE composite bypass, which are similar to the findings in our series. 21 The most recent results for sequential PTFE bypass were provided by Gargiulo, who presented a favorable 5-year primary patency rate of 65% and a 4-year limb salvage rate of 85% with the Deutsch technique. 10, 22 He also emphasized the option of a reoperation with use of the preserved venous outflow for a new prosthetic graft anastomosis. 22 The bridge technique seems to have the advantage that a complex revascularization is possible even if only short residual saphenous vein or an unusual vein like the superficial femoral vein is available. The technique is easy as all anastomoses are end to side, and the course of the prosthesis can be controlled easily. Except for the jump graft technique and the natural bifurcation, a preserved patency of the distal intercrural venous part is possible and may be regarded as a distinct advantage of sequential bypass configurations. This preserved patent vein segment can be used for a repeated procedure. 8 We found this phenomenon in five cases. In two patients, this patent vein segment could be chosen for a proximal prosthetic extension. In three patients, the leg remained viable without further intervention. This might be explained by a slightly improved foot perfusion through the preserved distal interarterial connection. For this reason, the jump graft and natural bifurcation technique should not be used preferentially; in the case of failure, the complete reconstruction will be occluded. An overview of clinical series with the respective results is provided in Table VII . [9] [10] [11] [12] [17] [18] [19] [20] [21] [22] [23] [24] Our policy to use a biologic prosthesis in complex femorodistal bypass surgery was founded on confirmed superior patency for HUV compared with PTFE in above-knee femoropopliteal bypass in historical randomized trials. 25 In addition, excellent late results for aboveand below-knee bypasses were reported by Dardik as well as by our group with a tolerable rate of late aneurysmal degeneration. 26, 27 Our early results for sequential HUV composite bypass with a 4-year secondary patency of 67% and a limb salvage rate of 88% were promising. 12 Having had such positive experience with the HUV, we decided to use the ovine collagen Omniflow II prosthesis as a substitute for the HUV when it became unavailable because it exhibits similar handling and preparation features. Although the Omniflow II prosthesis has been in clinical use for three decades, only sparse information about clinical results is available. Excellent early 3-year patency of 92% for above-knee bypass was reported in patients with intermittent claudication, but these results may reflect a selection bias of patients with excellent distal outflow. 28 An Austrian group reported on more than 270 ovine collagen grafts implanted mostly for limb salvage with patency rates of 46% to 69% for below-knee popliteal bypasses and rather disappointing results for crural reconstructions with direct anastomosis. However, the authors classified the results as superior to those obtained with their PTFE prosthetic bypasses. 29, 30 They found no graft infections and a very low rate of aneurysmal degeneration.
Risk of subsequent amputation. Previous series have stressed the fact that once such a complex reconstruction fails, the risk of subsequent limb loss is high. 19 We believe that long-term duplex scan surveillance may detect a significant number of stenotic lesions that threaten graft patency. In our series, an individualized approach with endovascular or surgical procedures helped avoid graft failure in the majority of these cases (19 of 21). Severe stenosis was detected even in relatively old grafts beyond a 120-month follow-up. For this reason, it is our policy that duplex scan surveillance for complex reconstructions should be lifelong, or at least as long as the patient is able to ambulate.
Problem of biodegradation. Historically, the rate of biodegeneration for the HUV was as high as 57% after 2 years. 31, 32 The incidence of graft aneurysms decreased significantly for the more recent implants. 33 Our series of second-generation HUVs in the popliteal position identified a late aneurysm rate of 7% for grafts with a low intervention rate of 3.5%. Most of these degenerations were detected more than 5 years after implantation and did not cause recurrent limb ischemia. 27 More recent rates of biodegeneration for the ovine collagen prosthesis are not available, but it must be speculated that this may become an issue for grafts with a long-term patency. In our current series, four cases of biodegeneration in HUVs were found during late follow-up after a mean of 105 months, all of them having maintained bypass function. These findings reconfirm our position that a tendency to late graft degeneration may be tolerable in biologic grafts in favor of an excellent long-term function and preserved limb perfusion. Lifelong duplex scan surveillance seems necessary to correct patency-threatening changes in the bypass configuration.
Role of anticoagulation. As mentioned, we regarded indefinite oral anticoagulation as the optimum medical treatment for the complex bypass reconstructions. This strategy is supported by older data that found a better patency for vein bypasses, especially those regarded as at risk for failure. 34, 35 Even more recent reports with PTFE in the distal crural position favor the use of oral anticoagulation to enhance patency. 36 On the other hand, oral anticoagulation can be difficult to maintain at the intended level, especially when compliance problems occur or the general physical status of the old patients deteriorates. This problem may be reflected by the fear of bleeding complications that may have influenced the decision of some attending general practitioners to discontinue oral anticoagulation and explains the rate of 16% for discontinuation of oral anticoagulation during later follow-up. In such situations, communication with the operating vascular department seems important for advice on how to best maintain a sufficient antithrombotic therapy and may possibly help avoid graft failure and amputation.
CONCLUSIONS
The reported patency and limb salvage rates for complex infrainguinal composite bypasses support the further use of this technique in appropriate cases. Lifelong duplex scan surveillance combined with patency-maintaining interventions is effective and leads to a favorable secondary patency and limb salvage. The use of biologic vascular prostheses as the inflow part of such constructions is associated with a durable bypass patency and an acceptable rate of biodegeneration and therefore seems to be justified. Further studies with this technique in patients with unsuitable veins are necessary. The risk of biodegeneration for the Omniflow II graft must be an object of ongoing investigation. 
